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The Doppler effect is commonly used to infer the velocity difference between stars based on the
relative shifts in the rest-frame wavelengths of their spectral features. In dynamically-cold systems
with a low velocity dispersion, such as wide binaries, loose star clusters, cold stellar streams or
cosmological mini-halos, the scatter in the gravitational redshift from the surface of the constituent
stars needs to be taken into account as well. Gravitational redshifts could be important for wide
binaries composed of main sequence stars with separations & 10−2 pc or in mini-halos with velocity
dispersions . 1 km s−1. Variable redshift could also lead to a spurious “detection” of low-mass
planets around a star with periodic photospheric radius variations.
PACS numbers: 97.10.Ex, 97.10.Nf, 97.10Pg, 97.10Wn
Introduction. According to General Relativity, the
spectrum of radiation emitted from the surface of a star
is gravitationally redshifted relative to a distant observer.
In the weak field regime, the spectroscopic velocity shift
v is given by [1],
v = −
GM
cR
= −0.636
(
M
M⊙
)(
R
R⊙
)−1
km s−1, (1)
for a star of mass M and photospheric radius R. The
observed radii of stars show significant scatter for masses
& 1M⊙ due to stellar evolution and rotation (see Figures
2 and 17 in Ref. [2]), implying that redshift variations of
∼ 0.5 km s−1 should be common in stellar systems with
stars of different masses.
Implications for wide binaries. The circular velocity
of a test particle around a star of mass M falls below
the velocity shift v at orbital radii that exceed a critical
value,
rcrit ≡
c2R2
GM
= 3.28× 1016
(
R
R⊙
)2(
M
M⊙
)−1
cm, (2)
Hence, the spectroscopic velocity difference between the
stellar members of a wide binary separated by more than
∼ 10−2 pc could be significantly affected by the differ-
ence in their intrinsic gravitational redshifts. Eccentric
binaries spend a substantial fraction of their orbital time
near apocenter where their relative speed is small and
the fractional impact of the gravitational redshift effect
is maximized. At separations larger than 2rcrit, the bi-
nary may be incorrectly declared as unbound if the grav-
itational redshift differential is not corrected for. Very
wide binaries had been studied in the past [3–7], but the
spectroscopic accuracy of their measured radial velocities
[8] was too poor for noticing the stellar redshift effect. A
larger signal of gravitational redshift had already been
detected for compact stars, such as white dwarfs [9–12]
and neutron stars [13].
False planets. Long-term periodic variations in the
photospheric radius of a star, R(t), could lead to a spuri-
ous “detection” of a low mass planet next to it due to the
time dependence of the gravitational redshift [14]. Such
variations could be induced by the variable suppression
of convection due to a changing number of spots during
a magnetic cycle [18, 19], or by a change in the num-
ber of spots over a rotation period [20]. Processes like
these could modulate in time the effective radius R of
the emission surface, averaged across the observed face of
the star. In principle, the variable gravitational redshift
could dominate over the variable Doppler effect of the
moving photosphere for long periods of variation. The
apparent (false) acceleration of the star would be,
v˙ =
GM
cR2
R˙. (3)
If not accounted for, this false acceleration could be in-
correctly associated with a planetary companion at an or-
bital radius r such that its orbital period would match the
photospheric variability period. The false planet’s mass
m would then be chosen to reproduce the inferred accel-
eration v˙ at the inferred orbital separation r. Assuming
a circular planetary orbit and equating Gm/r2 = |v˙|, one
gets
m =
( r
R
)2( |R˙|
c
)
M, (4)
where |R˙| = 2pi∆R/P with ∆R and P being the vari-
ation amplitude and period. For example, a periodic
change by merely ∆R ≈ 1.44 × 10−4R⊙ = 100 km in
the photospheric radius of a Sun-like star with a period
of 1 year, would lead to a false identification of an Earth-
mass planet at an orbital separation of 1 AU. Variable
gravitational redshift was likely an unimportant contam-
inant in the recent identification of an Earth-mass planet
at an orbital period of 3.24 days around the nearby Sun-
like star α Centauri B [21].
2For searches of low-mass planets in the habitable zone
of a Sun-like star, the false apparent velocity, ∆v =
−(∆R/R)v, would exceed the actual physical velocity of
the photosphere, R˙, by a factor,
∆v
R˙
=
(
GM
cR2
)(
P
2pi
)
= 4.59
(
M
M⊙
)(
R
R⊙
)−2(
P
1 yr
)
.
(5)
This implies that variable gravitational redshift must be
considered when interpreting the radial velocity noise in-
troduced by photospheric variability over long timescales
in state-of-the-art searches for low-mass planets [14], such
as the one described in Ref. [21]. Interestingly, the ap-
parent acceleration due to a sinusoidal redshift variation
is 90◦ out of phase with the apparent velocity and will
appear like a planet on a circular orbit.
In some stars, the gravitational redshift signal could
be counteracted by a convective blueshift effect. Rising
gas in convective cells is hotter and brighter than sinking
gas, causing a net blueshift in absorption lines [15]. The
resulting blueshift of ∼ 0.3 km s−1 for the Sun [16] and
0.2-1 km s−1 for other stars, could also impact spectro-
scopic planetary searches [17].
Implications for stars in mini-halos. The first stars in
the Universe are thought to have formed due to molecular
hydrogen (H2) cooling in mini-halos of dark matter with
a velocity dispersion of ∼ 1 km s−1 at redshifts z ∼ 10–
50 [22]. Some of these early systems would have survived
tidal disruption if they reside in the outskirts of the Milky
Way halo or the Local Group. Spectroscopic searches for
dynamically-cold star clusters with low velocity disper-
sions as tracers of the early generation of star-forming
mini-halos will have to correct for the gravitational red-
shift effect of the constituent stars.
The measured extragalactic redshifts in cosmological
surveys of galaxies are expected to be systematically
overestimated by the gravitational redshifts of the emit-
ting or absorbing components (stars or gas clouds), sup-
plemented by the redshift of their host system. However,
the redshift offset is typically negligible relative to the
measurement accuracy and only detectable in rich clus-
ters of galaxies [23], where the redshift induced by the
cluster potential dominates over that of the constituent
stars. Interestingly, the characteristic amplitude of po-
tential fluctuations in the Universe, |φ/c2| ∼ 10−5 is only
a factor of ∼ 5 larger than the gravitational potential of
the Sun (GM⊙/R⊙c
2) = 2.12× 10−6.
Implications for other stellar systems. Future astro-
metric measurements of stars in the Milky Way galaxy by
the forthcoming GAIA mission [24] are expected to dis-
cover cold streams of stars from the disruption of satellite
galaxies in the Milky Way halo, as well as wide binaries,
and loose multiple star systems in its disk. Follow-up
spectroscopy can be used to detect the gravitational red-
shift effect in these dynamically-cold systems, and poten-
tially open a new window for setting constraints on the
mass-radius relation of stars.
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